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We  report  a  combined  top-down/bottom-up  hierarchical  approach  to  fabricate  massively  parallel  arrays 
of  aligned  nanoscaledomai  ns  by  means  of  theself-assembly  of  asymmetric  polystyrene-b/ ocA:-poly(ethyl  ene- 
a/t-propylene)  diblock  copolymers.  Silicon  nitride  grating  substrates  of  various  depths  and  periodicities 
are  us^  to  template  the  alignment  of  the  high-aspect-ratio  cylindrical  polymer  domains.  Alignment  is 
nucleated  by  polystyrene  preferential  lywettingthetrough  si  dewall  sand  is  thermally  extended  throughout 
the  polymer  film  by  defect  anni  hi  lation.  Topics  discussed  include  a  detailed  analysis  of  the  capacity  of  this 
system  to  accommodate  lithographic  defects  and  observations  of  alignment  beyond  the  confined  channel 
vol  umes.  This  graphoepitaxial  methodology  can  be  exploited  i  n  hybrid  hard/soft  condensed  matter  systems 
for  a  variety  of  applications. 


Introduction 

The  success  of  nanotechnology  hinges  on  the  ability  to 
rationally  arrangefunctional  material  son  the  nanoscale. 
Traditionally,  this  has  been  achieved  by  top-down  litho- 
graphicprocesses,  but  fundamental  I  imitations  associated 
with  thesetechniquesarerapidly  becoming  apparent.  Not 
only  is  lithography  hitting  the  lower  limit  of  its  length 
scale  capability  at  ~20  nm,  but  also  the  process  itself  is 
often  inefficiently  serial  in  nature.  Bottom-up  self- 
assembly  has  the  capacity  to  transcend  both  of  these 
limitations  because  it  is  inherently  parallel  and  uses 
molecules  as  the  building  blocks  to  enter  the  nanoscale. 
Most  hard  materials,  however,  will  not  self-organize  at 
these  length  scales.  For  this  reason,  hybrid  systems  where 
soft  matter  self-organizes  intoa  nanoscale  tempi  ate  that 
directs  the  assembly  of  hard  matter  are  promising. 
Nevertheless,  pure  bottom-up  methods  have  their  own 
drawback:  one  cannot  attain  long-range  order.  The 
solution  to  this  dilemma  is  to  adopt  a  hierarchical, 
combination  top-down/bottom-up  methodology. 

Di block  copolymers  are  compelling  candidates  for  the 
bottom-up  component  because  of  theaccessi  bi  I  ity  of  diverse 
structures  with  tunable  length  scales.  Depending  on  the 
relative  chain  lengths  of  the  two  polymer  blocks,  these 
systems  phase  separate  i  ntonanoscalespheres,  cyl  i  nders, 
gyroids,  or  lamellae.  Simply  adjusting  the  molecular 
weight  of  the  polymer  scales  the  resultant  structural 
phases  proportionally.  Several  groups  have  studied  the 
lithographically  assisted  self-assembly  of  the  spherical 
phase.  Kramer  and  co-workers  were  the  first  to  demon- 
stratea  graphoepi  taxi  al  strategy  for  creati  ng  si  ngl  e-crystal 
fi  I  ms  of  bl  ock  copol ymers  over  I  arge  areas  of  a  substrate.^ 
Ross  and  co-workers  extended  this  work  to  moreconfi  ned 
volumes  and  identified  the  effect  of  lithographic  defects 
and  the  relation  of  channel  width  and  polymer  sphere 
accommodation.^'^ 
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Figure  1.  (a)  Schematic  of  a  PS-b-PEP  thin  film  organizing 
on  a  silicon  nitride  substrate.  PS,  in  light  shading,  prefers  to 
wet  the  substrate/polymer  interface  whereas  PEP,  in  dark 
shading,  prefers  to  wet  the  polymer/air  interface.  For  films  of 
/_ /2 1  h  i  ckness,  t  he  su  rface  i  s  featu  rel  ess  as  a  resu  1 1  of  t  he  absence 
of  underlying  PS  cylinders.  I  n  films  that  are  thicker  than  /_/2, 
the  underlying  PS  flinders  in  the  PEP  matrix  organize  as  a 
di  sordered  fi  ngerpri  nt  structure,  (b)  T appi  ng  mode  phase  AF  M 
i  mage,  2/^m  x  2/^m,  showi  ng  f i  ngerpri  nt  pattern  of  mi  crophase- 
separat^  domains  typically  observed  on  a  flat  substrate.  This 
sample,  prepared  by  spin-coating  the  1.55%  polymer  solution 
at  5  krpm  and  then  annealing  at  403  K  for  24  h,  has  no 
preferential  orientation  of  cylinders.  The  bright  domain  is  PS, 
and  the  dark  domain  is  PEP. 
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Figure  2.  Tapping  mcxJe  topographic  AFM  images  of  bare  silicon  nitride  gratings  of  corrugation  (a)  ~35  nm  (4.1/^m  x  4.1/^m), 
(b)  ~95  nm  (5/^m  X  5  fivri),  and  (c)  ~280  nm  (2.6/^m  x  2.6  juvri).  H  ei  ght  profi  I  es  of  the  i  nserted  I  i  nes  show  the  square-wave  structure 
of  the  gratings,  where  zero  corresponds  to  the  clean,  unetched  substrate  plane. 


Whilethespherical  phase  has  potential  for  applications 
such  as  h i gh-densi ty  magneti c  recordi  theexceedi  ngl y 

large  aspect  ratio,  that  is,  the  potentially  macroscopic 
extent  of  the  cylinder  length  compared  to  the  nanoscale 
repeat  distance  for  cylindrical  phase  structures,  opens 
the  door  to  applications  in  electronics,  optics,  and  sensor 
technology  when  using  cylinder -forming  materials.  Har¬ 
nessing  this  potential  has  been  hindered  by  the  fact  that 
thin  films  of  the  cylindrical  phase  form  disordered 
fingerprint  patterns.  Attempts  to  induce  order  in  such 
films  using  electric  fields,^  solvent  prewetting,^  and 
directional  crystallization®  have  seen  moderate  success, 
but  al  I  suffer  from  one  or  more  of  the  fol  I  owi  ng  shortcom- 
ings:  no  long-range  order,  no  control  over  the  location  or 
orientation  of  ordered  domains,  and  nonparallel  cylinder 
formation.  I  n  this  article,  we  report  a  novel  and  general 
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method  that  overcomes  all  of  theseobstacles.  Our  approach 
begins  by  preparing  a  silicon  nitride  grating  substrate 
usi  ng  el  ectron  beam  I  i  thography  and  reactive  i  on  etchi  ng. 
This  grati  ng  i  s  then  used  to gu i  de the  assembi  y  of  pol  ymer 
cylinders  along  the  length  of  the  etched  channels.  Com¬ 
pliance  of  the  cylinder  size  and  spacing  to  variations  in 
the  trough  width  is  discussed,  and  because  defect  toler¬ 
ance  is  critical  in  creating  a  near-perfect  and  robust 
nanotemplate,  the  role  of  defects  is  also  reviewed. 

Experimental  Procedure 

Asymmetric  polystyrene-b/ock-polyisoprene  (PS-b-PI),  ob¬ 
tained  from  Polymer  Source,  I  nc.  (Dorval,  Quebec,  Canada),  was 
27  wt  %  PS  with  a  molecular  weight  of  22  000  g/mol  and 
polydispersityof  1.08.  HomogeneousNi-AI  catalyst^-^o  was  used 
to  selectively  hydrogenate  the  isoprene  block  to  prepare  poly- 
styrene-ib/ock-poly(ethylene-a/t-propylene)  (PS-b-PEP).  This  hy¬ 
drogenated  polymer  was  used  for  these  experi  ments  because  its 
structure  has  been  characterized  and  its  relatively  low  glass 
temperature  is  conducive  to  time-resolved  microscopy  measure- 
ments.ii 

Silicon  nitride  gratings,  containing  square-wave  grating 
patterns,  were  prepared  in  a  silicon  nitride  layer  by  electron 
beam  lithography  using  a  Hitachi  S-2700  scanning  electron 
microscope  and  reactive  ion  etching.  The  size  of  the  grating 
pattern  on  thesetopographically  patterned  substrates  is  100 /<m 
X  100  jum.  Each  grating  contained  troughs  of  different  widths 
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Figure  3.  (a)  Tapping  mcxJe  phase  AFM  image,  1.85  /urn  x 
1.85  jum,  of  a  thin  film  sample  prepared  by  spin-coating  the 
1.55%  polymer  solution  at  5  krpm  on  a  35-nm-deep  grating. 
The  preferential  interaction  of  PS  (not  imaged  because  it  is 
deeply  submerged)  with  the  trough  sidewalls  aligns  cylinders 
along  the  edges.  The  trough  is  1.25-/^m-wide  and  it  has  a  3L/ 
2-thick  (35  nm)  film.  Annealing  at  403  K  for  24  h  aligns  the 
cylinders  parallel  to  the  grating  lines  across  the  entire  trough 
width  and  along  the  full  100-/^m  length.  Crests  are  covered 
with  an  /_ /2-thick  film  and,  therefore,  appear  featureless,  (b) 
The  height  profile  of  the  inserted  line  in  part  a,  shows  a 
corrugation  of  12  nm  from  the  crests  tothetroughs,  wherezero 
corresponds  to  the  clean,  unetched  substrate  plane. 


ranging  from  200  nm  to  1.5  jum  in  increments  of  100  nm;  the 
trough  length  was  always  100 /<m.  Crest  widths  were  a  constant 
~750  nm.  Grati  ngs  of  threedifferent  depths,  ~35,  ~95,  and  ~280 
nm,  were  used  for  these  experiments. 

The  grati  ngs  were  cleaned  with  trichloroethylene,  hot  toluene, 
acetone,  and  methanol  (i  n  thi s  order)  usi  ng  an  ul trasoni ccl eaner. 
Substrates  were  kept  submerged  in  methanol  until  thin  films  of 
di  bl  ock  copolymer  were  to  be  deposited.  Before  bei  ng  coated  with 
a  polymer  film,  the  gratings  were  dried  with  ultrahigh  purity 
nitrogen.  We  have  found  that  including  a  further  preparation 
step  produces  the  cl  eanestpossi  blesubstrateand,  subsequently, 
the  most  uniform  polymer  films.  On  the  washed  gratings,  a  thin 
film  of  polystyrene-ib/ock-poly(methyl  methacrylate)  was  depos¬ 
ited,  annealed  at  523  K  for  6  h  under  an  argon  atmosphere,  and 
stripped  off  using  the  cleaning  procedure  just  mentioned.  We 
believe  that  this  step  removes  trace  contaminants  intro¬ 
duced  during  manufacture  of  the  grating.  Polymer  films  were 
prepared  by  placing  a  drop  size  in  the  range  4-5  juL  of  1.55% 
(w/w)  PS-b-PE  P/toluene  solution  on  a  grating  and  then  spinning 
at  selected  speeds  for  1  min.  Subsequent  thermal  annealing  of 
the  samples  was  carried  out  at  selected  temperatures  (388-408 
K)  under  an  argon  atmosphere.  Annealing  was  achieved  by  a 
transient  ramp  rate  of  5  K/min  from  room  temperature  to  the 
final  temperature. 

Atomic  force  microscopy  (AF  M )  measurements  wereconducted 
to  examine  the  resulting  microphase  separation  behavior  of 
di  bl  ock  copol  ymer  thi  n  fi  I  ms.  Tappi  ng  mode  A  F  M  was  performed 
with  silicon  Nanoprobe  SPM  tips  (resonance  frequency  ~320 
kH  z)  usi  ng  a  N  anoscope  1 1 1  a/I  V,  Digital  I  nstruments  M  ulti  mode 
SPM.  The  presence  of  a  featurel  ess  L/2  =  ~12-nm-thick  film  (L 
is  the  natural  thickness  of  one  layer  of  cylinders)  on  the  crests 
provi des  a  refer encetofi  nd  thethi ckness  of  thefi I  m  on  thecrests 
and  in  the  troughs. 
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F  igure4.  Thi  n  fi  I  m  sampi  e  prepared  by  spi  n-coati  ng  the  1.55% 
polymer  sol  uti on  at  5  krpm  on  a  95-nm-deep  grati  ng.  Anneal  i  ng 
at  403  K  for  30  h  results  in  parallel  alignment  of  cylinders  in 
all  the  troughs.  Tapping  mode  phase  AFM  images  of  two  such 
troughs  of  widths  0.67  jurr\  and  1.02  jurr\  are  shown  in  parts  a 
and  c,  respectively,  (b)  The  height  profile  of  the  inserted  line 
in  part  a  shows  a  corrugation  of  17  nm  from  the  crest  to  the 
trough.  Thetrough  i  n  part  a  has  a  fi  I  m  thi  ckness  si  i  ghtly  greater 
than  7/_/2.  (d)  The  height  profile  of  the  inserted  line  in  part  c 
shows  a  flat  film  in  thetrough;  the  corrugation  from  the  crest 
tothetrough  is2-3nm,  sothetrough  in  parte  has  a  9/. /2-thick 
film.  Zero  in  both  profiles  corresponds  to  the  clean,  unetched 
substrate  plane. 
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Results  and  Discussion 

Three  square-wave  silicon  nitride  gratings  of  depths 
'-35,  ^-95,  and  ^280  nm  were  used  as  substrates  to  study 
the  structure  of  spin-coated  PS-b-PEP  di  block  copolymer 
thi  n  fi  I  ms.  The  behavi  or  of  thi  n  fi  I  ms  on  these  corrugated 
substrates  is  compared  with  those  grown  on  flat  silicon 
nitride  substrates.  Asymmetric  wetting  of  PS-b-PEP 
occurs  on  a  silicon  nitride substrate;^^  that  is,  PS  prefers 
to  wet  the  si  I  icon  nitride/polymer  interface  whereas  PEP 
exhibits  an  affinity  for  the  polymer/air  interface  (Figure 
la).  Therefore,  the  film  thickness  is  quantized  to  odd 
multiplesof/_/2,  that  is,  (2n  +  l)L/2,  wheren  isan  integer 
and/_  is  23  nm  for  PS-b-PEP  of  molecular  weight  22  000 
g/mol.  The  spacing  between  nearest-neighbor  cylinders 
of  PS  hexagonally  packed  in  the  PEP  matrix  is  26.6  nm. 
A  cyl  i  nder-f  ree  monol  ayer  of  di  bl  ock  copol  ymer  covers  the 
substrate  for  a  fi  I  m  of /_/2  thickness;  therefore,  the  surface 
of  an  L /2-thick  fi  I  m  appears  featurel  ess  when  i  t  is  i  maged 
using  tapping  modeAFM.  For  films  thicker  than  L/2  (3L/ 
2,  5L/2,  etc),  the  underlying  PS  cylinders  parallel  to  the 
film  plane  appear  as  a  disordered  fingerprint  structure 
(Figure  lb)  when  imaged  with  AFM  under  hard  tapping 
conditions.  Thedifference  in  theelastic  moduli  of  PS  and 
PEP  results  in  the  difference  in  contrast  in  the  phase 
images;  the  bright  domain  is  PS  and  the  dark  domain  is 
PEP.  This  sample  is  prepared  by  spin-coating  a  1.55% 
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Figures.  Thin  fi I nn  sannple prepared  by  spin-coating  the  1.55%  polymer  solution  at  2.5  krpmon  a  280-nm-deep  grating  and  then 
annealing  at  403  K  for  45  h,  resulting  in  parallel  alignment  of  the  cyl  i  nders  in  all  the  troughs.  Tapping  mode  phase  AFM  images 
of  two  such  troughs  of  widths  0.6  and  1/^m  are  shown  in  parts  a  and  c,  respectively.  (b)The  height  profileof  the  inserted  line  in 
part  a  shows  a  corrugation  of  26  nm  from  the  crest  to  the  trough,  (d)  The  height  profile  of  the  inserted  line  in  part  c  shows  a 
corrugation  of  36  nm  from  the  crest  to  the  trough.  The  troughs  in  parts  a  and  c  have  a  ~ 23/. /2-thick  film.  Zero  in  both  profiles 
corresponds  to  the  clean,  unetched  substrate  plane. 


polymer  solution  at  5  krpm  on  a  flat  silicon  nitride 
substrate  and  then  annealing  at  403  K  for  24  h.  The 
average  thickness  of  the  spin-coated  film  is  not  equal  to 
any  quantized  film  thickness;  hence,  after  annealing, 
islands  and  holes  corresponding  to  5L /2-thick  and  3L/2- 
thick  films,  respectively,  are  formed  on  the  surface.  No 
preferential  orientation  of  cylinders  isobserved  in  either 
the  i  si  ands  or  the  hoi  es,  and  thedomai  ns  contai  n  numerous 
defects  despite  extensive  anneal  i  ng.  This  absence  of  I  ong- 
range  order  is  characteristic  of  films  prepared  on  flat 
substrates. 

Polymer  Films  on  the  35-nm-Deep  Grating.  When 
a  thin  film  is  spin-coated  on  a  grating,  the  corrugation  of 
the  substrate  leads  to  deposition  of  nonuniform  films. 
Higher  coverage  of  polymer  is  observed  in  the  troughs 
compared  tothecrests  becausethe  polymer  can  flow  from 
the  crests  into  the  troughs  during  spin  coating  and 
subsequent  annealing.  Figure  2  shows  topographic  AFM 
images  and  height  profiles  of  the  gratings  used  in  these 
experi  ments.  F  rom  the  height  profi  les  it  can  be  observed 
that  the  gratings  have  sharp  edges. 

Thepresenceofthetrough  sidewalls  and  thenanoscale 
confi  nement  of  domai  ns causethecyl  i  nders toexhi  bit  long- 
range  order  on  these  corrugated  substrates.  A  thin  film 
sample  prepared  by  spin-coating  the  1.55%  polymer 
solution  at  5  krpm  on  a  35-nm-deep  grating,  after 
annealing,  has  an  L /2-thick  film  on  the  crests,  whereas 
the  troughs  are  completely  filled  with  the  polymer.  The 
polymer  film  thickness  in  the  troughs,  ~35  nm,  corre¬ 
sponds  to  a  film  with  only  one  layer  of  underlying  PS 
cylinders.  PS  interacting  preferentially  with  the  trough 
sidewalls  drives  the  alignment  of  cylindrical  domains 


parallel  to  the  edges  of  the  troughs.^^  fj^st  imaged 
polymer  domain  along  the  trough  edges  appears  wider 
because  of  the  presence  of  a  brush  layer  along  the 
sidewalls.  When  the  sample  is  annealed  for  2  h,  the 
alignment  of  one  or  two  cylinders  near  the  edges  is 
observed.  F  urther  anneal  i  ng  I  eads  to  coarsen!  ng  of  these 
aligned  domains,  and  after  24  h  of  annealing  at  403  K, 
perfect  parallel  alignment  of  cylinders  is  present  across 
the  entire  trough  width.  The  cylinders  are  aligned  along 
the  complete  100-/^m  length  of  all  the  troughs  regardless 
of  the  width.  Figure  3a  shows  the  phaseimageof  a  1.25- 
/^m-wide  trough  with  perfectly  aligned  cylindrical  do¬ 
mains.  The  troughs  are  almost  completely  filled  with 
the  polymer  and  they  have  a  flat  profile;  the  height 
differenceof~12nmfromthecreststothetroughs  (Figure 
3b)  is  attributable  to  the  /./2-thick  film  present  on  the 
crests. 

Polymer  F  i  I  ms  on  Deeper  G  rati  ngs.  A I  i  gn  ment  a  I  so 
occurs  for  gratings  with  higher  corrugations  of  ~95  and 
~280  nm.  These  troughs  can  comfortably  accommodate 
polymer  films  of  thickness  7L/2  and  23LI2,  that  is,  films 
with  3  and  11  layers  of  underlying  PS  cylinders,  respec¬ 
tively.  When  a  thin  film  is  prepared  on  a  95-nm-deep 
grating  by  spin-coating  the  1.55%  polymer  solution  at  5 
krpm  and  then  anneal  i  ng  at  403  K  for  30  h,  the  cyl  i  nders 
align  parallel  to  the  grating  lines  along  the  full  100-/im 
length  regardless  of  the  channel  width.  Parts  a  and  c  of 
F  igure  4  show  this  al  i  gned  structure  for  two  95-nm-deep 
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Asymmetric  Di block  Copolymers  in  Thin  F  ilms.  Macromolecules 2000, 
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Figure  6.  Thin  filnn  sannple  prepared  by  spin-coating  the  1.55%  polymer  solution  at  5  krpm  on  a  35-nm-deep  grating.  Tapping 
mode  (a)  topographic  and  (b)  phase  AFM  images  of  the  same  region  of  the  trough  (960-nm  wide)  when  the  sample  is  anneal^  at 
388  K  for  2  h.  The  bright  and  dark  regions  in  the  trough  in  part  a  correspond  to5/-/2-  and  3/. /2-thick  films,  respectively;  therefore, 
(c)  the  height  profileof  the  inserted  line  in  part  a  shows  a  corrugation  of  23nm.  Following  brief  annealing,  cylinders  in  5L/2-  and 
3/- /2-thick  regions  have  a  disordered  fingerprint  structure.  Tapping  mode(d)  topographic  and  (e)  phase  AFM  images  of  another 
trough  (800-nmwide)  when  the  sample  is  further  annealed  at  403  K  for  20  h.  Now,  the  cylinders  in  the  5/. /2- and  3/. /2-thick  r^ions 
in  the  trough  in  part  d  have  perfect  parallel  alignment.  The  corrugation  of  21  nm  in  the(f)  height  profile  of  the  inserted  line  in 
part  d  supports  the  presence  of  SL/2-  and  3/-/2-thick  regions  in  the  trough. 


troughs  of  widths  0.67  and  1.02  /urn,  respectively.  The 
hei  ght  profi  I  efor  the  narrower  channel  (F  igure4b)  shows 
a  corrugati  on  of  17  nm  from  the/_  /2-thi  ck  fi  I  m  on  thecrest 
to  the  center  of  the  trough .  Despi  te  the  fact  that  the  fi  I  m 
is  not  of  an  ideal  thickness  and  is  not  completely  flat, 
perfect  parallel  alignment  of  cylinders  is  observed.  In 
contrast  to  the  0.67-/im-wide  trough,  the  1.02-/im-wide 
trough  is  overfilled  with  polymer.  Corrugation  from  the 
crest  to  the  trough  is  2-3  nm  (Figure  4d);  therefore, 
the  polymer  film  in  the  trough  is  9L /2-thick  (103  nm). 
Si  mi  I  ar  results  are obtai  ned  with  the280-nm-deep  grati  ng 
(Figure  5).  The  observation  of  parallel  alignment  of 
cylinders  for  all  gratings  suggests  that  the  depth  of  the 
troughs,  if  greater  than  35  nm,  is  not  critical.  In  fact, 
al  ignment  was  not  observed  for  a  grati  ng  of  depth  25  nm 
(<3/_/2). 

Alignment  Mechanism.  Time-lapse  studies  have 
been  performed  to  observe  the  thermal  alignment  of 
cyl  i  nders.^^Thesestudi  es  show  that,  at  shorter  anneal  i  ng 
times,  one  or  two  cylinders  align  along  the  edges  of  the 
troughs,  but  the  cylinders  in  the  center  of  the  channels 
arelargelyalignedacrossthetroughs.  This  perpendicular 
alignment  i  s  due  to  cyl  i  nders  al  igni  ng  along  thedirection 
of  polymer  flow  as  it  migrates  from  the  crests  into  the 
troughs.  Al  i  gnment  of  cyl  i  nders  across  thetroughs  due  to 
capillary  polymer  flow  from  the  center  of  thetroughs  to 
their  edges  has  been  reported, but  in  this  case,  the 


(13)  Sundrani,  D.;  Darling,  S.  B.;  Sibener,  S.J  .  Guiding  polymers  to 
perfection:  Macroscopic  alignment  of  nanoscale  domains.  Nano  Lett. 
2004,  4,  273-276. 


polymer  flows  in  the  reverse  direction  as  the  overall  film 
flattens  during  annealing.  Further  annealing  leads  to 
coarsening  of  alignment  across  the  full  trough  width  at 
random  locations  along  the  troughs,  and  finally,  these 
smaller  perfected  regions  merge,  resulting  in  perfectly 
aligned  cylindrical  domains  along  the  entire  channel 
length.  The  same  mechanism  for  alignment  is  observed 
for  all  the  trough  widths  studied.  We  have  also  observed 
that  pol  ymer  can  f I  ow  from  the  smooth  part  of  the  sampi  e 
into  the  channels  through  the  trough  ends  during  an¬ 
nealing.  This  process  helps  to  load  thetroughs  that  are 
unfilled  after  the  initial  film  preparation.  One  might 
conci  udethat  thi  s  paral  I  el  f  I  ow  of  pol  ymer  i  nto  thetroughs 
could  account  for  the  parallel  al  ignment  ofcyli  nders.  This 
cannot  be  the  case  because  (1)  there  is  insufficient  time 
during  annealing  for  alignment  to  grow  in  onlyfrom  the 
channel  termini,  (2)  alignment  has  been  observed  to 
nucleate  at  many  locations  within  thetroughs,  and  (3) 
alignment  is  observed  in  channels  where  the  ends  were 
physi  cal  I  y  separated  from  the  bul  k  of  the  channel  I  ength 
by  material  blockage. 

Tapping  mode  AFM  can  only  image  the  top  layer  of 
aligned  cylinders,  but  the  structure  of  cylinders  under¬ 
neath  this  layer  may  also  be  useful  for  understanding  the 
overall  mechanism  of  alignment.  When  a  thin  film  is 
prepared  by  spin-coating  (1.55%  polymer  solution  at  5 
krpm)  on  a  35-nm-deep  grating,  the  sample  has  regions 


(14)  Sundrani,  D.;  Sibener,  S.  J  .  Spontaneous  spatial  alignment  of 
polymer  cylindrical  nanodomains  on  silicon  nitride  gratings.  Macro- 
molecules  2002,  35,  8531-8539. 
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that  have3L/2-  (35  nm)  and  5L /2-thick  fi  I  ms  i  n  thet roughs. 
Parts  a  and  b  of  F  i gure 6  show  the topographi c  and  phase 
images,  respectively,  of  one  such  trough  on  this  sample 
annealed  at  388  K  for  2  h.  The  bright  region  in  thetrough 
in  Figure  6a  corresponds  to  a  5/_/2-thick  film,  while  the 
dark  region  corresponds  to  a  3L /2-thick  film.  Both  regions 
havea  disordered  fi  ngerpri  nt  structure.  F  urther  anneal  i  ng 
(403  K  for  24  h)  results  in  parallel  cylinder  alignment  in 
both  regions  (Figure  6d,e).  Although  the  top  layer  of 
cylinders  in  the  5/_/2-thick  film  is  not  confined  in  the 
trough,  theoccurrence  of  alignment  in  this  layer  suggests 
that  underlyi ng  cyl i  nders can  al  i gn  those i n  upper  I ayers. 
The  same  phenomenon  has  been  observed  in  films  with 
many  more  cylinder  layers.  Figure  7a  shows  the  phase 
i  mage  of  paral  I  el  al  i  gnment  of  cyl  i  nders  i  n  a  channel  that 
has  7L/2-  (80  nm)  and  9/_ /2-thick  (103  nm)  regions.  It  is 
i  nteresti  ng  to  observe  that  cyl  i  nders  i  n  the  top  I  ayer  do 
not  form  dislocation  dead  ends  at  the  island-hole  bound¬ 
ary;  on  theother  hand,  they  continuefrom  the  islands  to 
the  holes  without  introducing  defects.  This  behavior 
illustrates  the  robustness  of  the  confinement  effect. 
Cyl  i  nders  of  P  S  are  hexagonal  I  y  packed  i  n  the  P  E  P  matr  i  x 
in  bulk  copolymers.  In  this  instance,  the  usual  offset 
vertical  packing  of  the  cylinders  is  modified  to  a  rectan¬ 
gular  lattice  either  at  these  island-hole  boundaries  or 
throughout  the  channel  volume.  Further  studies  are  in 
progress  to  deci  pher  the  packi  ng  of  submerged  cyl  i  nders 
in  confinement. 

Polymer  Compliance  in  Confined  Voiumes.  Cy¬ 
lindrical  domai  ns  cl  osel  y  fol  I  ow  the  vari  ati  on  i  n  thetrough 
width  along  its  length  by  complying  with  the  variations 
of  the  trough  sidewall.  Related  behavior  has  been  observed 
in  spherical  domain  systems.^  A  plot  of  the  number  of 
PEP  domains  versus  trough  width  isshown  in  Figure8a. 
F  rom  th  i  s  pi  ot,  i  t  i  s  cl  ea r  t hat  the sa me  n u  mber  of  pol  ymer 
domains  is  observed  over  a  range  of  trough  widths.  The 
polymer  conforms  to  its  confi  ned  envi  ronment  by  varyi  ng 
the  periodicity  of  the  cylindrical  domains.  This  range  of 
trough  widths  available  to  a  given  number  of  domains 
increases  with  the  number  of  domains;  that  is,  each 
additional  polymer  domai  n  i  ntroduces  moreflexi  bi  I  ity  i  nto 
the  system.  Elasticity  of  the  confi  ned  polymers  is  further 
demonstrated  by  thefact  that  there  are  al  so  regi  ons  where 
a  given  trough  width  can  accommodate  more  than  one 
nu  mber  of  pol  ymer  domai  ns.  The  pol  ymer  avoi  ds  creati  on 
of  high-energy  dislocation  defects  by  expanding  or  con- 
tracti  ng  wi  thi  n  the  accessi  bl  e  range  as  necessary.  At  some 
poi  nt,  this  regulation  becomes  morecostly  than  theenergy 
required  to  create  a  dislocation  and  a  single  defect  is 
formed.  For  example,  the  trough  width  of  300  nm  can 
accommodate  either  10  or  11  PEP  domains;  the  actual 
number  of  domai  ns  depends  on  the  history  of  the  system. 
A  300-nm-wide  channel  favors  11  PEP  domains  (equi- 
libriumsize~  304nm),  but  if  the  majority  of  the  channel 
is  narrower,  that  is,  closer  to  the  width  of  10  domains  in 
equilibrium,  it  will  accommodate  the  width  variation 
without  creating  defects.  The  overlap  between  different 
numbers  of  polymer  domains,  too,  increases  with  the 
number  of  domains  present  in  the  troughs.  Figure  8b 
depicts  a  concrete  illustration  of  how  this  flexibility 
minimizes  the  defect  density  in  aligned  structures.  This 
image  shows  a  95-nm-deep  trough  of  width  285  nm  with 
a  9L/2  polymer  fi  I  m  that  has  perfectly  al  igned  cyl  i  ndrical 
domai  ns  along  its  full  lOO-^^m  length.  Thelithographically 
induced  variation  in  the  width  of  this  trough  along  its 
I  ength  i  s  wi  thi  n  the  accessi  bl  e  range  for  11 P  E  P  domai  ns. 
Therefore,  the  cylindrical  domains  in  this  trough  havea 
defect-free  structure. 
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Figure?.  T  h  i  n  f  i  I  m  sampi  e  prepared  by  spi  n-coat  i  ng  the  1.55% 
polymer  solution  at  5  krpm  on  a  95-nm-deep  grating  and  then 
annealing  at  403  K  for  30  h.  (a)  Tapping  mode  phase  AFM 
image  of  a  l-jurr\  wide  trough,  which  has  islands  {9L/2  thick) 
and  holes  (7L/2  thick,  false  red  color).  Again,  the  alignment  is 
present  in  the9/-/2-  and  7/_ /2-thick  regions,  and  the  cylinders 
cross  the  boundary  with  minimal  introduction  of  defects,  (b) 
The  height  profile  of  the  inserted  line  in  part  a  shows  the 
corrugation  of  22  nm  from  the  islands  to  the  holes. 

I  f,  though,  thevariation  i  n  thetrough  width  issignificant 
then  a  change  in  the  number  of  polymer  domains  in  the 
channel  is  observed.  A  specific  illustration  of  this  phe¬ 
nomenon  follows.  Thetrough  shown  in  Figure  9  has  10 
PEP  polymer  domains  along  the  majority  of  its  length; 
however,  when  thetrough  width  exitstherangeavailable 
for  10  domai  ns  (F  i  gure8a),  thenumber  of  polymer  domai  ns 
changes  accordingly.  Note  that  this  sample  was  exten¬ 
sively  annealed  (403  K  for  30  h),  so  the  structure  is  close 
tothermodynamicequilibrium.  Near  spot  A  in  Figure9, 
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Figures,  (a)  Plotofthenumber  of  PEP  polymer  domains  versus  thetrough  width.  Fora  rangeoftrough  widths,  a  constant  number 
of  polymer  domains  is  observed.  There  is  an  overlap  in  thermions  where  the  same  trough  width  can  accommodate  more  than  one 
number  of  polymer  domains.  Integer  multi  pies  of  theequi  librium,  unconfi  ned  domain  spacing  of  26.6  nm  plus  theaveragethickness 
of  the  brush  layer  (25.6  nm),  are  denoted  by  dashed  lines.  I  llustrative  images  (false  red  color)  are  shown  for  the  minimum  and 
maxi  mum  trough  widths  that  can  accommodate  10  PE  P  domai  ns.  The  range  of  widths  shown  in  this  figure  represents  theful  I  data 
range  available;  the  trend  of  widening  accommodation  with  increased  number  of  PEP  domains  is  expected  to  continue  for  12 
domai  ns  and  beyond,  (b)  Tappi  ng  modephaseAF  M  i  mage  of  a  95-nm-deep  and  285-nm-wi  detrough  with  perfectly  al  i  gned  cyl  i  ndri  cal 
domains.  The  mild  variation  in  thetrough  width  along  its  length  is  accommodated  by  the  polymer  allowing  perfectly  aligned, 
defect-free  cylindrical  domains.  This  sample  prepared  by  spin-coating  the  1.55%  polymer  at  5  krpm  is  annealed  at  408  K  for 
10  h. 


the  average  trough  width  is  290.5  nm;  hence,  there  are 
10  PEP  domains  in  the  channel,  but  when  the  trough 
width  near  spot  B  increases  to  313.8  nm,  a  dislocation  is 
created  and  the  number  of  P  E  P  domai  ns  i  ncreases  to  11. 
Between  spot  B  and  spot  C,  thetrough  width  stays  within 
the  range  for  11  domains;  however,  at  spot  C,  when  the 
width  (271  nm)  again  becomes  smaller  than  this  range, 
another  di  si  ocati  on  i  s  created  and  the  number  of  domai  ns 
retu  r  ns  to  10.  The  pi  ot  i  n  F  i  gu  re  8a  enabi  es  one  to  predi  ct 
the  behavior  of  confined  cylindrical  domains  even  when 
there  are  significant  variations  in  thetrough  width. 

Larger  variations  in  the  trough  width  can  create 
interesting  defect  structures,  particularly  for  narrower 
channels.  Thetrough  shown  in  Figure  10  has  a  periodic 
variation  in  its  width;  as  a  result,  the  number  of  PEP 
domai  ns  varies  periodically  from  7  (A)  to  8(B)  with  wider 
regions  between  these  areas.  The  result  of  this  variation 
i  s  the  per  i  odi  cfor  mati  on  of  a  si  mi  I  ar  di  si  ocati  on  structu  re, 
emphasized  by  dashed  ci  rcles  i  n  F  igure  10.  Whi  I e careful 
preparation  of  the  lithographically  prepared  gratings  is 
vital  to  create  defect-free  polymer  structures,  such  topo¬ 
graphic  imperfections  can  also  be  utilized  to  intentionally 
generate  tailored  defects  at  desired  locations  or  to  form 
periodic  arrays  of  defects. 

The  average  thickness  of  the  polymer  brush  layer  is 
25.6nm.  Using  thisthickness  and  theequi  librium  cylinder 
spacing  of  26.6  nm,  the  ideal  trough  width  for  a  given 
number  of  PEP  domains  can  be  calculated;  the  dashed 
lines  in  Figure  8a  represent  these  equilibrium  trough 
widths.  The  dashed  lines  are  approximately  centered 


Figures.  Thin filmsampleprepared by spin-coatingthe  1.55% 
polymer  solution  at  5  krpm  on  a  95-nm-deep  grating  and  then 
annealing  at  403  K  for  30  h.  The  change  in  the  number  of  PEP 
domains  and  the  creation  of  defects  due  to  variations  in  the 
trough  width  along  its  length  is  observed  in  this  tapping  mode 
phase  AFM  image.  Ten  dark  domains  are  present  near  spot  A 
(trough  is  290.5-nm-wide).  The  number  of  dark  domains 
increases  to  11  near  spot  B  (313.8  nm)  while  creating  a 
dislocation.  Near  spot  C  (271  nm),  the  number  of  domains 
returns  to  10  by  creating  another  dislocation.  Defects  are 
highlighted  in  the  dashed  circles. 
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Figure  10.  S i gn i f i cant  var i ati ons  i n  thetrough  wi dth  can  create 
interesting  defect  structures  as  shown  in  this  tapping  nnode 
phase  AFM  innage.  The  nunnber  of  PEP  domains  varies 
periodically  from  7  (A)  to  8(B)  as  a  result  of  periodic  variations 
inthetrough  width.  Similar  defect  structures,  shown  by  dashed 
circles,  are  created. 

within  the  accessible  width  ranges  for  each  integer  value 
of  PEP  domains.  Maximal  expansion  and  compression  of 
the  pol  ymer  are  both  approxi  matel  y  10%,  suggesti  ng  that 
steric  repulsion  within  the  polymer  is  energetically 
comparablewiththeentropiccost  of  extendi  ngthepol  ymer 
strands.  The  system  accommodates  variations  in  the 
trough  width  by  changing  the  cylinder  size,  matrix  size, 
and  brush  layer  thickness  to  varying  degrees.  Because 
PEP  is  softer  than  PS,  we  suspect  that  the  PEP  matrix 
is  more  pliable  and  accepts  a  larger  part  of  the  compli¬ 
ance  responsibility;  further  studies  are  underway  to 
ascertain  the  relative  responses  of  each  of  the  polymer 
components  within  confinement.  Any  change  in  the 
spaci  ng  beyond  the  maxi  mum  I  i  mi ts  leads  the  system  to 
attain  a  lower  energy  state  by  increasing  or  decreasing 
the  number  of  polymer  domains  across  the  trough.  In 
comparison  to  the  spherical  domain  system  studied  by 
Cheng  et  al.,^  the  cylindrical  domains  studied  here  are 
more  willing  to  stretch  or  compress  in  response  to 
variations  in  the  confining  barriers.  This  is  presumably 
due  to  the  higher  energetic  cost  of  defect  creation  in 
cylindrical  diblock  films. 

The  alignment  of  cylinders  is  not  limited  to  linear 
geometries.  While  straight  domains  have  potential  elec- 
tronicand  sensor  applications,  theavailablefunctionsof 
templates  with  arbitrary  morphologyarefar  wider.  Figure 
11  depicts  the  ends  of  two  neighboring  channels.  Rather 
than  having  angular  corners,  the  trough  termini  are 
characteristically  rounded.  Impressively,  the  polymer 
cylinders  follow  the  curved  interface  with  minimal  in- 
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Figure  11.  Thin  film  sample  prepared  by  spin-coating  the 
1.55%  pol  ymer  sol  uti  on  at  5  krpm  on  a  95-nm-deep  grati  ng  and 
then  annealing  at  403  K  for  30  h.  Tapping  mode  phase  AFM 
image,  2.9 /^m  x  2.9 /^m,  showing  the  aligned  cylinders  foil  ow¬ 
ing  the  curvature  of  the  trough  ends.  These  troughs  are 
900-nm-wide,  and  the  radius  of  curvature  of  the  trough  ends 
is  460  nm. 

troduction  of  defects.  The  radius  of  curvature  for  these 
boundaries  is  460  nm,  or  roughly  20  times  the  polymer 
domain  spacing.  Similar  results  have  been  observed  for 
a  variety  of  radii  of  curvature,  and  further  studies  are 
underway  to  ascertai  n  the  behavior  of  such  fi  I  ms  i  n  more 
complex  geometries. 

Alignment  Beyond  Confined  Voiumes.  When  a 
grating  is  coated  with  a  film  thicker  than  the  channel 
depth,  several  noteworthy  phenomena  are  observed. 
Under  certain  conditions,  crests  can  be  prepared  with  a 
3/_/2-thick  film.  During  initial  annealing  of  this  sample 
at  408  K,  the  polymer  flows  from  the  crests  into  the 
troughs.  This  flow  aligns  the  cylinders  across  the  crests 
as  shown  in  Figure  12a.  Previously,  perpendicular  align¬ 
ment  of  cylinders  has  been  observed  on  small  3/_ /2-thick 
i  si  ands  on  thecrests,^®  but  i  n  thi  s  exper  i  ment,  thecyl  i  nders 
are  aligned  across  the  long,  continuous  strips  of  3L/2- 
thick  film  present  on  the  crests.  The  height  difference 
from  3/_ /2-thick  (35  nm)  film  on  the  crests  to  the  troughs 
is3-4nm,  so  the  troughs  are  overfilled  with  thepolymer 
and  have  an  111 /2-thick  (126  nm)  film.  At  this  stage  of 
anneal  i  ng,  thecyl  i  nders  i  n  thetroughs  are  I  argel  y  al  i  gned 
parallel  to  the  grating  lines.  The  top  layer  of  cyl  i  nders  i  n 
these  channel  s  is  abovetheconfi  ned  vol  ume  of  thetroughs, 
but  the  underlyi  ng  cyl  i  nders  extend  the  al  i  gnment  to  the 
cylinders  in  the  highest  layer. 

Alignment  of  cylinders  parallel  to  the  grating  lines  in 
the  channels  can  also  induce  parallel  alignment  of 
cylinders  on  the  crests.^^  Figure  12b  shows  an  image  of 
a  different  spot  on  thesamesamplewhen  annealed  at  408 
K  for  6  h  more.  N  ow,  theparal  I  el  al  i  gnment  of  thecyl  i  nders 
has  nucleated  at  several  locations  on  the  crests.  Further 
anneal  i  ng  of  this  sample  (403  K  for  20  h)  leads  to  mergi  ng 
of  these  smaller  aligned  regions  resulting  in  perfect 
parallel  alignment  of  the  cylinders  on  the  crests  (Figure 
12c).  This  process  demonstrates  that  the  alignment  of 
underlying  cylinders  in  thetroughs  can  not  only  induce 
al  i  gnment  of  cyl  i  nders  abovetheconfi  ned  channel  vol  ume, 
but  it  can  also  induce  the  lateral  alignment  of  cylinders 
beyond  the  volumes  of  the  troughs.  This  technique 
potentially  can  be  extended  to  cause  alignment  of  nano¬ 
scale  polymer  domains  across  a  complete  surface. 


Aligned  Nanoscale  Polymer  Cylinders 
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Figure  12.  Demonstration  of  the  ability  of  alignment  within  the  channels  to  induce  global  alignment  across  the  entire  surface. 
Sequenti  al  tappi  ng  mode  phase  AF  M  i  mages  of  a  thi  n  fi  I  m  sampi  e  prepared  by  spi  n-coati  ng  the  1.55%  pol ymer  sol  uti  on  at  3.5  krpm 
on  a  95-nm-deep  grating  and  annealing  at  408  K  for  (a)  6  h  (2 /^m  x  2  jum)  and  (b)  12  h  (1.9  jum  x  1.9 ^m)  and  then  at  (c)  403  K 
for  20  h  (2.15 /^m  x  2.15 /^m).  The  troughs  have  an  ll/_/2-thick  film  whereas  crests  have  a  31 /2-thick  film.  The  corrugation  from 
the  crests  to  the  troughs  is  3-4  nm. 


Conclusion 

I  n  this  paper,  we  report  a  new  methodology  for  al  igni  ng 
nanoscale  cylindrical  di block  copolymer  domains  over 
macroscopic  length  scales.  This  approach  merges  top-down 
and  bottom-up  methodstoachievelong-range  order  while 
maintaining  the  advantages  of  self-organization.  Align¬ 
ment  is  initiated  by  a  preferential  wetting  layer  of  PS  on 
the  vertical  si  dewalls  of  the  lithographic  channel  sand  is 
extended  throughout,  and  even  beyond,  the  confined 
volume  via  coarsening  of  these  edge-aligned  domains. 
H  igher  coverage  of  polymer  can  also  i  nduce  al  ignment  of 
cyl  i  nders  on  thecrests,  thereby  enabi  i  ng  al  i  gnment  across 
an  entire  interface.  Cylinders  guided  to  align  in  this 
manner  exhibit  significant  compliance  that  allows  them 
to  accommodate  lithographic  imperfections  without  in¬ 
troducing  structural  defects.  Ramifications  of  this  work 
extend  to  hybrid  hard/soft  condensed  matter  systems  for 


appi  i  cati  ons  i  n  el  ectroni  cs,  catal  ysi  s,  opti  cs,  tr  i  bol  ogy,  and 
sensor  technology. 
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